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Polyadenylationssing is central to the replication of the virus. Previously, we demonstrated that
the cellular protein Sam68 enhances HIV-1 structural protein expression and RNA 3′ end processing. In this
report, we show that Sam68 interacts with unspliced HIV-1 RNA and that other members of the STAR/GSG
protein family also promote viral RNA 3′ end processing. We deﬁne a portion of the GSG domain (Sam 97-
255) as sufﬁcient for enhancement of Rev-dependent expression. In contrast to Sam68, Sam 97-255
increases unspliced RNA processing only in the presence of Rev in 293T cells. In a different cell line, Sam
97-255 enhances HIV-1 gene expression without enhancing RNA 3′ end processing, suggesting that
stimulation of 3′ end processing is not required for enhancement of HIV-1 gene expression. Overall, these
results indicate that Sam68 and the mutants described affect the composition of the viral RNP to enhance
viral protein synthesis.
© 2008 Elsevier Inc. All rights reserved.Introduction
In HIV-1, all viral proteins must be expressed from a relatively
small genome. To accomplish this feat, HIV-1 undergoes a number of
alternative splicing events to produce over 30 RNAs from a single
transcript (Cochrane et al., 2006; Stoltzfus and Madsen, 2006). The
resultingmRNAs are grouped by size: the unspliced 9 kb encoding Gag
and GagPol; the singly spliced 4 kb encoding Env, Vif, Vpr, or Vpu; and
the multiply spliced 2 kb encoding Tat, Rev or Nef. Early during
infection, the unspliced and singly spliced RNAs are restricted to the
nucleus while the multiply spliced RNAs are exported to the
cytoplasm. Once sufﬁcient amounts of Rev are produced, it mediates
the Crm1-dependent export of the incompletely spliced viral RNAs
(Hope, 1999; Pollard and Malim, 1998).
Several host proteins have been shown to affect unspliced HIV-1
RNA export and expression (Fang et al., 2004; Fritz et al., 1995; Li et al.,
2002a, 2002b; Luo et al., 1994; Modem et al., 2005; Pongoski et al.,
2002; Sanchez-Velas et al., 2004; Yedavalli et al., 2004). One of these,
Sam68 (Src-associated duringmitosis of 68kD), has been implicated in
the regulation of Rev-dependent export (Li et al., 2002a; Modem et al.,
2005) and cytoplasmic utilization of unspliced viral RNAs (Coyle et al.,
2003; McLaren et al., 2004). Sam68 contains a KH RNA binding motif
embedded within a larger region of homology termed the GSG
(GRP33, Sam68, Gld1) domain (Lukong and Richard, 2003). Alongwith
RNA binding (Chen et al., 1997; Chen and Richard, 1998; Lin et al.,
1997), the GSG domain is required for multimerization of Sam68 withrane).
l rights reserved.itself and other members of the STAR (signal transduction and acti-
vation of RNA) protein family (Chen et al., 1997; Chen and Richard,
1998; Di Fruscio et al., 1999;Wu et al., 1999; Zorn and Krieg,1997). RG-
rich regions required for non-speciﬁc RNA binding (Chen et al., 1997)
and proline-rich signaling motifs are found elsewhere in the protein.
We have previously shown that overexpression of Sam68 enhances
unspliced HIV-1 3′ end processing in the presence and absence of Rev
(McLaren et al., 2004). However, in our hands, Sam68 did not greatly
enhance export of the unspliced viral RNA (McLaren et al., 2004).
To better understand the properties that contribute to the
enhancement of HIV-1 RNA processing and gene expression by
Sam68, we examined the factors, both cis and trans, required for
Sam68′s ability to modulate viral RNA processing and translation. In
this report, we demonstrate that endogenous Sam68 is associated
with viral RNA and that other members of the STAR protein family
share the ability to promote HIV-1 RNA 3′ end processing. We
subsequently show that a region encompassing the GSG domain (Sam
97-255) is sufﬁcient to enhance HIV-1 structural gene expression in
two cell lines. Interestingly, in 293T cells, Sam 97-255 and the RNA
binding mutant Sam G178D enhance 3′ end cleavage of unspliced env
RNA but only in the presence of Rev. In contrast, in 293 cells, these
Sam68 mutants had no effect on viral RNA processing even though
they enhanced HIV-1 gene expression. These results suggest that
enhanced 3′ end cleavage of HIV-1 RNAs does not necessarily correlate
with effects on HIV-1 protein synthesis. From this work, it appears
that Rev, bound to the RRE, is able to recruit factors in addition to
Crm1 to modulate viral RNA processing. In terms of Sam 97-255 and
Sam G178D, these mutants likely impact viral RNA processing at
multiple levels, both in the nucleus and cytoplasm, to promote HIV-1
gene expression.
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Endogenous Sam68 preferentially binds unspliced HIV-1 RNA
The ability of Sam68 to promote 3′ end processing of incompletely
spliced HIV-1 RNA might be accomplished by either direct interaction
with the affected RNA or modulation of host factor activity and/or
expression. The former hypothesis is supported by the observation
that mutational inactivation of the RNA binding activity of Sam68 (the
mutant Sam G178D) results in loss of the capacity to enhanceFig.1. Endogenous Sam68 preferentially interacts with unspliced HIV-1 RNA. 293 cells were t
detailed in “Materials and methods”. RNPs were precipitated with anti-Sam68 antibody or n
beads. (A) Fractions of the reactions were reserved, run on 10% SDS-PAGE and blotted with
were: lysate (cleared cell lysate), pellet (cell lysate pellet), p/c beads (preclear beads), FT (ﬂow
were carried out as described above and beads washedwith (B) NT2 (50mM Tris-HCl pH 7.5,1
Complete mini EDTA-free protease tablet (Roche)) or (C) a more stringent buffer (75 mM N
(Invitrogen), 2 mM DTT, 1X Complete mini EDTA-free protease tablet (Roche)). RNA was har
unspliced (U) pgTat cDNAs. Shown at the top is a schematic of pgTat indicating the positionunspliced viral RNA 3′ end processing (McLaren et al., 2004). The Sam
G178Dmutant retains the capacity to multimerize with itself and wild
type Sam68 (Chen et al., 1997). In a further attempt to discriminate
between these hypotheses, we tested which RNA species endogenous
Sam68 preferentially binds to (unspliced or spliced pgTat RNA). To this
end, 293 cells were transfected with the HIV-1 env expression
plasmid, pgTat, (Fig. 1) and harvested 48 h post-transfection. Lysates
were diluted, precleared and incubated with antibody against Sam68
or rabbit IgG (rIgG). After immunoprecipitation, western blotting was
carried out and showed that the majority of endogenous Sam68 wasransfected with the HIV-1 env expression plasmid pgTat and RNPs harvested 48 h later as
onspeciﬁc rabbit IgG (rIgG) and immune complexes captured with protein G sepharose
anti-Sam68 antibody to analyze the efﬁciency of immunoprecipitation. Fractions tested
through), ﬁnal beads (immunoprecipitate beads, IP). (B, C) RNA immunoprecipitations
50mMNaCl,1 mMMgCl2, 0.05% NP40,100 U/ml RNase OUT (Invitrogen), 2 mMDTT,1X
aCl, 0.25% deoxycholate, 0.5% Triton X-100, 0.05% SDS, 1 M urea, 100 U/ml RNase OUT
vested from lysate, FT and IP fractions and RT-PCR performed to amplify spliced (S) and
s of the primers (FS, FU, CR) used in the RT-PCR analysis.
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Sam68 protein was precipitated by incubation with rIgG. RNA was
extracted from the input lysate, ﬂow-through and immunoprecipi-
tated fractions and subjected to RT-PCR. As shown in Fig. 1B, the
spliced form of pgTat RNA predominates in total RNA extracted from
the cell. In contrast, unspliced pgTat RNA was preferentially
precipitated by the anti-Sam68 antibody, although a signiﬁcant
amount of spliced pgTat RNA is also associated with Sam68. However,
under these washing conditions, there was a low level of non-speciﬁcFig. 2.Mapping of sequences conferring the stimulation of 3′ end processing by Sam68. (A) Sc
pgTcDNA corresponds to the spliced form of pgTat RNA. Also indicated (line above pgTat sch
positions of the exon splicing enhancer (ESE3) and exon splicing silencer (ESS3). All ΔE co
deletion mutants of pgTat or pgTatΔE in the presence (+) or absence (-) of Sam68. 48 h post-t
the positions corresponding to the expected protection products: unspliced, uncleaved (US/U
spliced, cleaved (S/C) pgTat RNA. Cells were also transfected with a VA RNA expression plasm
from multiple trials, all values normalized to the extent of cleavage observed upon cotransf
from samples in the absence of Sam68.binding of pgTat RNA to the sepharose beads and/or the rIgG.
Therefore, we used a more stringent wash buffer to reduce the
background signal (Fig. 1C). Although the signal in this case was
weaker, immunoprecipitation of endogenous Sam68 still preferen-
tially selects for unspliced pgTat RNA, although some spliced RNA
binding is also detected.
The preferential binding of Sam68 with unspliced pgTat RNA is
consistent with the selective enhancement of the 3′ end processing of
this RNA as compared to spliced pgTat RNA (McLaren et al., 2004). Inhematic of constructs tested. PgTatΔKH and pgTatΔBC have deletions in the intronwhile
ematic) is the location of the probe used in the ribonuclease protection assays and the
nstructs have a deletion of ESE3. (B) Cells were transfected with the wild type (wt) or
ransfection, RNAwas harvested and RPA analysis carried out as described. Indicated are
C) pgTat RNA; unspliced, cleaved (US/C) pgTat RNA; spliced, uncleaved (S/UC) pgTat RNA;
id to normalize for transfection efﬁciency between samples. (C) Compilation of RPA data
ection with pcDNA3. Asterisks denote results that were signiﬁcantly different (pb0.05)
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are required for Sam68 binding and/or effect on cleavage, three
variants of pgTat or pgTatΔE (a deletion mutant lacking ESE3) were
tested. These variants included pgTatΔKH lacking intron sequences
6379 nt to 8181 nt; pgTatΔBC lacking intron sequences 7083 nt to
8382 nt; and pgTcDNA lacking the complete intron (Fig. 2A). In
contrast to pgTat, the RNA from pgTatΔE and derivatives thereof are
not spliced, 3′ end processed or transported to the cytoplasm in the
presence of Rev (McLaren et al., 2004). Subsequent analysis of the
RNA harvested from transfected cells in the presence and absence
of Sam68 revealed that Sam68 overexpression resulted in increased
3′ end processing for all constructs tested (Figs. 2B, C). Therefore,
no speciﬁc intron sequences are required for Sam68-dependent
effects.Fig. 3. Slm1 and Slm2 enhance HIV-1 gene expression and unspliced RNA cleavage. (A) Diagr
the KH RNA binding motif, a nuclear localization signal (NLS) and proline-rich motifs (black
pcDNA3, Sam68, Slm1 or Slm2 and 10 μg total protein loaded on SDS-PAGE gels. After transfer
cells were transfected as above and RNA harvested 48 h later. RNase protection assays were pe
C), spliced, uncleaved (S/UC), and spliced, cleaved (S/C) forms of pgTat RNA. The fold changOverexpression of Slm1 and Slm2 enhance unspliced RNA cleavage and
expression
In an effort to deﬁne the domains of Sam68 which mediate its
effect on HIV RNA processing, we analyzed if other members of the
GSG family had similar activity. Previously, we and others have
demonstrated that several members of the GSG protein family (Slm1,
Slm2, QKI-5, QKI-6, and QKI-7) shared the same capacity as Sam68 to
enhance Rev function (Reddy et al., 2002; Soros et al., 2001). Thus, we
tested two GSG family members, Slm1 and Slm2, for their ability to
stimulate 3′ end processing of pgTat RNA. Slm1, Slm2 and Sam68 all
contain a KH RNA binding motif embedded within the GSG domain,
but Slm1 and Slm2 lack the N-terminal region of Sam68 and differ in
the position and number of proline-rich motifs (Fig. 3) (Di Fruscio etam of Sam68, Slm1 and Slm2. All three proteins contain the GSG domain encompassing
bars). (B) 293 cells were transfected with pgTat, with (+) or without (-) SVH6Rev and
to PVDFmembranes, western blottingwas performedwith anti-gp120 antibody. (C) 293
rformedwith a probe that detects unspliced, uncleaved (US/UC), unspliced, cleaved (US/
e in US/C to US/UC ratio with standard deviation is shown below.
Fig. 4. Sam 97-255 is able to enhance HIV-1 protein expression. (A) Schematic of Sam68,
Sam 97-255 and the pDM128 reporter construct. (A) HeLa cells were transfected with
pcDNA3, Sam68 and Sam 97-255 and ﬁxed 48 h later. Nuclei were stainedwith DAPI and
myc tagged Sam68 and Sam 97-255 were detected with mouse anti-myc and anti-
mouse FITC-conjugated antibodies. (C) 293T cells were transfected with the Rev-
dependent CAT reporter pDM128 and pcDNA3, Sam68 or Sam 97-255. 48 h post-
transfection, cells were lysed and CAT assays performed as described in Materials and
methods. Values are represented relative to the Rev/pcDNA3 samples and asterisks
indicate samples having a signiﬁcant difference (pb0.05) from the Rev/pcDNA3 value.
97M. McLaren, A. Cochrane / Virology 385 (2009) 93–104al., 1999). Cells were transfected with pgTat in the presence or absence
of Rev and Sam68, Slm1 or Slm2. In agreement with other reports
(Reddy et al., 2002; Soros et al., 2001), western blotting conﬁrmed that
Slm1 and Slm2 stimulated expression of gp120 from pgTat similar to
Sam68 (Fig. 3B). Analysis of RNA from cells overexpressing Slm1 and
Slm2 also indicates that these STAR proteins preferentially stimulate
cleavage of unspliced RNA in the presence and absence of Rev (Fig. 3C).
These results indicate that Slm1 and Slm2 have effects on the
metabolism of HIV-1 RNA that appear similar to Sam68.
The GSG domain is sufﬁcient to enhance HIV-1 3′ end cleavage and gene
expression
The ability of Sam68, Slm1 and Slm2 to both enhance HIV-1 gene
expression and promote viral RNA 3′ end formation suggests that a
common protein domain may be involved in mediating this response.
Sam68, Slm1 and Slm2 share ∼70% homology in their GSG domains
but signiﬁcantly less elsewhere in the protein (Di Fruscio et al., 1999)
raising the possibility that this domain is important for the observed
effects on HIV-1 gene expression. To test this hypothesis, we carried
out deletion mutagenesis of Sam68 to generate Sam 97-255, which
corresponds to the N-terminal portion of the GSG domain and the KH
RNA binding motif. This mutant lacks the nuclear localization signal
and all the proline-rich domains of Sam68 (Fig. 4A). Consequently,
Sam 97-255 is found throughout the cytoplasm and in the nucleus
(Fig. 4B). The presence of Sam 97-255 in the nucleus in the absence of
a NLS suggests that this variant is sufﬁciently small to passively move
between the nuclear and cytoplasmic compartments. To test the
ability of Sam 97-255 to enhance HIV-1 gene expression, we
transfected 293T cells with the Rev-dependent reporter pDM128
(Hope et al., 1990). This reporter contains the two terminal exons of
HIV-1 and the chloramphenicol acetyltransferase (CAT) open reading
frame inserted into the env intron. Therefore, CAT is only expressed
from the unspliced, Rev-transported RNA. As shown in Fig. 4C, both
Sam68 and Sam 97-255 enhance gene expression from this reporter.
We next wanted to determine if Sam 97-255 could stimulate
cleavage of pgTat RNA in a manner similar to Sam68. Interestingly,
Sam 97-255 enhanced cleavage of unspliced pgTat RNA, but only in the
presence of Rev (Figs. 5A, C). This is in contrast to Sam68, Slm1 and
Slm2, all of which stimulate cleavage whether or not Rev is
cotransfected. These results suggest that Rev may recruit Sam 97-
255 to the unspliced HIV-1 RNA to allow enhancement of 3′ end
processing. Therefore, we tested whether the RNA binding mutant
Sam G178D had a similar dependence on Rev. As shown in Figs. 5B, C,
Sam G178D also enhanced 3′ end processing of unspliced pgTat RNA,
but only in the presence of Rev.
We further assessed the effects of Sam68, Sam 97-255 or Sam
G178D on gp120 expression from the pgTatΔE reporter (lacking the
ESE3 in the terminal exon). Both Sam 97-255 and Sam G178D were
able to reverse the block to gp120 protein production from the
pgTatΔE reporter in the presence of Rev (Fig. 6A). In addition, RNase
protection assays conﬁrmed that both Sam 97-255 and Sam G178D
stimulated cleavage of unspliced pgTatΔE RNA in the presence of Rev
(Figs. 6B, C). These results are consistent with previous ﬁndings,
suggesting that Sam 97-255 and Sam G178D may be recruited to
unspliced pgTat RNA via interactions with the Rev protein.
The RRE and Rev are required for Sam 97-255 mediated effects
To test the hypothesis that stimulation of 3′ end processing by Sam
97-255 may be through Rev recruitment of the protein to the RNA, we
evaluated whether various mutants of Rev could support Sam 97-255
activity (Fig. 7). While Rev and to a lesser extent the Rev mutant, R92,
were able to promote 3′ end processing in the presence of Sam 97-
255, additional C-terminal truncations (R76, R68) or point mutations
(M10) in the Rev nuclear export signal (NES), did not (Malim et al.,1989a) (Fig. 7B). To test whether recruitment alone to the RNA is
sufﬁcient to stimulate cleavage of the RNA by Sam 97-255, a modiﬁed
pgTat reporter was constructed where the RRE was replaced with four
MS2 binding sites (pgTat(MS2)4) (Fig. 8A). In addition, the MS2 coat
protein was fused to the N-terminus of Sam 97-255, generating MS2-
Sam 97-255. If Rev acts only to bridge the interaction of Sam 97-255
with the unspliced RNA, MS2-Sam 97-255 should stimulate cleavage
of pgTat(MS2)4. However, if Rev and the RRE provide additional factors
required for Sam 97-255 function, increase in cleavage would not be
seen (Fig. 8A). To conﬁrm that MS2-Sam 97-255 is still functional, we
Fig. 5. Sam 97-255 and SamG178D enhance unspliced env RNA cleavage only in the presence of Rev. (A, B) 293Tcells were transfectedwith pgTat, with (+) or without (-) SVH6Rev and
pcDNA3, Sam68, Sam G178D, or Sam 97-255. 48 h post-transfection, RNA was harvested and RPAs performed. Protected fragments were run on a 4% acrylamide/8 M urea gel and
exposed to a phosphor screen. (C) Summary of RPA data. Shown is a compilation of data from multiple trials examining changes in the US/C to US/UC ratio. Values are expressed
relative to ratios observed in the presence of Rev alone and asterisks indicate signiﬁcant differences (pb0.05) from that seen with Rev and pcDNA3.
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Similar to Sam 97-255, MS2-Sam 97-255 enhanced 3′ end formation
of unspliced pgTat RNA in the presence of Rev (Figs. 8B, C). In the case
of the pgTat(MS2)4 reporter (Figs. 8B, C), Sam68 enhanced unspliced
RNA cleavage both in the presence and absence of Rev. Sam 97-255
and MS2-Sam 97-255 had no effect on cleavage of unspliced RNA
generated from pgTat(MS2)4, suggesting that Sam 97-255 requires
recruitment to unspliced RNA via Rev interaction with the RRE.
However, MS2-Sam 97-255 did increase levels of spliced, uncleaved
(S/UC) env RNA from pgTat(MS2)4 (Fig. 8B). Overall, these results
suggest that a tertiary complex may form between Sam 97-255, Rev
and the RRE, and that this complex is likely important for Sam 97-255
enhancement of viral RNA cleavage.
Stimulation of 3′ end processing is not required for enhancement of
HIV-1 gene expression in 293 cells
To conﬁrm these effects in a second cell line, we repeated the
cleavage and expression studies in 293 cells. 293 cells differ from 293T
cells in lacking the expression of the SV40 large T-antigen. We
determined that Sam 97-255 and Sam G178D enhanced Rev-
dependent HIV-1 gene expression from the CAT-containing reporter
pDM128 in 293 cells (Fig. 9A). Furthermore, Sam 97-255 stimulatedgp120 expression from the pgTat vector (Fig. 9B). To determine if Sam
97-255 or Sam G178D also enhanced unspliced RNA 3′ end processing
in 293 cells, RPAs were performed. Under the conditions tested,
Sam68 was found to promote accumulation of the unspliced/cleaved
pgTat RNA (Fig.10B). In contrast to results from 293Tcells, neither Sam
97-255 nor Sam G178D enhanced unspliced RNA 3′ end processing in
293 cells (Figs. 10A, B).
Discussion
Sam68 has been implicated in the regulation of multiple cellular
functions including the regulation of the cell cycle, tumour progres-
sion and apoptosis (Lukong and Richard, 2003). The capacity of Sam68
to both interact with cell signaling molecules and RNA suggests that it
could mediate changes in RNA processing or utilization in response to
extracellular signals. Work to date has supported this hypothesis with
Sam68 being implicated in the regulation of the alternative splicing of
Bcl-x and CD44 (Matter et al., 2002; Paronetto et al., 2007). In addition
to splicing, Sam68 also appears to be implicated in translational
control. Speciﬁcally, Sam68 is associated with polysomes in sperma-
tocytes (Paronetto et al., 2006) and mediates enhanced translation of
unspliced RNAs transported via the constitutive transport element
(CTE) of the Mason-Pﬁzer monkey virus (Coyle et al., 2003). However,
Fig. 6. Effects of Sam 97-255 and Sam G178D on pgTatΔE expression/RNA processing.
(A) 293T cells were transfected with pgTatΔE, with (+) or without (-) SVH6Rev and
pcDNA3, Sam68, Sam G178D or Sam 97-255. 48 h post-transfection, western blotting
was performed with anti-gp120 antibody. Blots were stripped and reprobed with anti-
myc and anti-tubulin antibodies. (B) 293T cells were transfected with pgTatΔE, with (+)
or without (-) SVH6Rev and pcDNA3, Sam68, Sam G178D or Sam 97-255. 48 h post-
transfection, RNAwas harvested and RPAs performed. Protected fragments were run on
a 4% acrylamide/8 M urea gel and exposed to a phosphor screen. (C) Summary of RPA
data. Shown is a compilation of data frommultiple trials examining changes in the US/C
to US/UC ratio. Values are expressed relative to ratios observed in the presence of Rev
alone and asterisks indicate signiﬁcant difference (pb0.05) from samples treated with
Rev and pcDNA3.
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Reddy et al., 2000; Soros et al., 2001), Coyle et al. failed to detect any
enhancement of Rev function by Sam68. The variation in results likely
reﬂects differences in cell lines, reporter constructs, or assay
conditions. Further study will be required to deﬁne the underlying
basis for such discrepancies. The ability of Sam68 to strongly increaseHIV-1 gene expression in some cell lines, and rescue viral structural
protein synthesis in others, suggests that it may also play a regulatory
role in HIV-1 replication (Li et al., 2002b; Reddy et al., 2000; Soros et
al., 2001).
Previously, our laboratory has demonstrated that Sam68 is able to
selectively modulate processing of unspliced HIV-1 RNA (McLaren et
al., 2004). This ﬁnding raises the question as to how this selectivity is
achieved. The observation that Sam68 is preferentially associated with
unspliced pgTat RNA (Fig. 1) and that its ability to promote 3′ end
processing requires its RNA binding capacity (McLaren et al., 2004) is
indicative of a direct interaction between Sam68 and the affected RNA.
More importantly, the interaction of endogenous Sam68 with viral
RNA suggests that Sam68 is part of the nuclear pgTat RNP and thus,
could be involved in regulating aspects of its metabolism. Subsequent
attempts to map intron sequences that may mediate the interaction
were unsuccessful; constructs lacking the entire intron (pgTcDNA and
pgTcDNAΔE) were equally affected by Sam68 in terms of increased 3′
end processing. However, it is possible that the preferential associa-
tion of Sam68 with unspliced viral RNAs is due to their suboptimal
polyadenylation and sequestration in the nucleus. In the absence of
Rev, unspliced pgTat RNA is retained in the nucleus and thus more
abundant in the nucleus than spliced pgTat RNA which is transport to
the cytoplasm. Therefore, preferential binding to unspliced pgTat RNA
could be ascribed to the subcellular localization of each under the
conditions tested (in the absence of Rev), given that Sam68 is a nuclear
protein that does not shuttle (Soros et al., 2001). The hypothesis that
Sam68 promotes 3′ end processing and does not affect splicing is
supported by analysis of its effects on pgTatΔE and its derivatives. In
all constructs tested lacking ESE3, both splicing and 3′ end processing
are completely blocked. Overexpression of Sam68 (and variants
thereof), Slm1 or Slm2 resulted in increased accumulation of cleaved,
unspliced pgTat RNA only.
The question remains as to why Sam68 selectively affects 3′ end
processing of unspliced env RNA. It has previously been determined
that a tight coupling exists between splicing and 3′ end processing;
the binding of factors involved in one process promote the recruit-
ment of proteins thatmediate the other function (Awasthi and Alwine,
2003; Maciolek and McNally, 2007; Millevoi et al., 2002; Zhao et al.,
1999). As a result, the majority of spliced RNA is also rapidly
polyadenylated. In contrast, in the case of unspliced pgTat RNA, a
signiﬁcant proportion (N50%) is not polyadenylated indicating that 3′
end processing is slowor inefﬁcient. Therefore, factors that promote 3′
end processing in general, such as Sam68, would be expected to have
the greatest effect on the poorest substrates i.e. unspliced, stable RNAs
such as the incompletely spliced RNAs of HIV. This hypothesis might
explain why no effect of Sam68 on spliced pgTat RNA polyadenylation
is observed.
The observation that both Slm1 and Slm2 have similar activities to
Sam68 in all the assays performed suggests that this may be a general
property of members of this protein family. This point is supported by
the demonstration that expression of a portion of the GSG domain of
Sam68 (Sam 97-255) common to all members of the STAR protein
family is sufﬁcient to stimulate both viral structural protein expression
and unspliced RNA 3′ end processing (at least in one cell type). In
contrast to Sam68, Slm1 and Slm2, both the deletion mutant, Sam 97-
255, and RNA binding mutant, Sam G178D, were observed to only
increase unspliced pgTat RNA cleavage and protein expression in the
presence of Rev in 293T cells. The requirement for Rev is under-
standable given that both Sam 97-255 and Sam G178D have lost some
capacity to interact with RNA. Sam 97-255 lacks the RG motifs
required for binding to homopolymeric sequences but is still capable
of interacting with the high afﬁnity Sam68 SELEX sequence (UAAA or
UUUA) (Lin et al., 1997). In contrast, SamG178D retains binding to poly
(U) RNA but not the high afﬁnity sequences (Chen et al., 1997; Lin et al.,
1997). In light of these changes in RNA binding abilities, these mutants
likely have reduced interaction with pgTat RNA unless recruited
Fig. 7. The Rev NES is required tomediate the effects of Sam 97-255 on viral RNA processing. (A) Schematic of the Rev constructs tested. All constructs are either C-terminal deletions of
Rev (R68, R76, R92) or containpointmutations that inactivate the RevNES (M10). (B) Cellswere transfectedwith pgTat, in the absence (-) or presence of Rev or the indicatedRevmutant
with Sam 97-255. 48 h post-transfection, RNAwas harvested and RPAs performed. Protected fragments were run on a 4% acrylamide/8 M urea gel and exposed to a phosphor screen.
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demonstrated that an interaction between Rev and Sam68 occurs
involving the NES of Rev and a.a. 321-433 of Sam68 (Li et al., 2002b).
Our own functional analyses conﬁrm the requirement for the NES of
Rev for the interaction, but the Rev-dependent activity of Sam 97-255
(despite lacking a.a 321-433) suggests that it can interact with Rev
albeit possibly with reduced afﬁnity. However, recruitment of Sam 97-
255 to the unspliced viral RNA alone is not sufﬁcient as direct binding
of Sam 97-255 fused to MS2 nucleocapsid with MS2 binding sites
(replacing the RRE) failed to elicit a similar enhancement in RNA 3′
end processing. The determination that Rev is required for the effects
of both Sam 97-255 and Sam G178D has several implications. The ﬁrst
is that the NES of Rev appears to recruit host factors in addition to
Crm1 (Hope, 1999; Pollard and Malim, 1998) to modulate the
metabolism of viral RNA. The second is that, through its ability to
recruit factors involved in promoting viral RNA 3′ end processing and
subsequent export, Rev acts to couple these two processes to ensureefﬁcient delivery of incompletely spliced HIV-1 RNAs to the
cytoplasm. 3′ end processing is essential for Rev-mediated export
(Huang and Carmichael, 1996; McLaren et al., 2004). In the absence of
such coupling by Rev, the 3′ end processed, unspliced viral RNA might
rapidly undergo splicing, effectively reducing the levels of viral RNA
encoding the structural proteins (Gag, Gagpol, Env). Although full
length Sam68 did not require Rev for the promotion of 3′ end
processing, at more physiological concentrations, interactionwith Rev
may be required.
The observation in 293 cells that both Sam 97-255 and Sam G178D
are able to increase HIV protein expression in the absence of any
signiﬁcant enhancement of 3′ end processing suggests that the two
activities are not causally linked. Given that we did not detect any
changes in viral RNA abundance or extent of splicing under the
conditions tested, the effect of these factors may be exerted at the
level of remodeling the viral RNP. Such remodeling might include the
removal or addition of host factors that regulate the translational
Fig. 8. Rev and the RRE are required for Sam 97-255 effects on 3′ end cleavage. (A) Schematic of the experiment. Sam 97-255may be recruited to unspliced HIV-1 via interactions with
Rev and the RRE. If the Rev/RRE complex acts only as a tether for Sam 97-255, MS2 Sam 97-255would enhance cleavage of pgTat(MS2)4. If the complex between Sam 97-255, Rev and
the RRE is important for function, MS2 Sam 97-255 would not enhance cleavage of pgTat(MS2)4. (B) 293T cells were transfected with pgTat or pgTat(MS2)4, with (+) or without (-)
SVH6Rev and pcDNA3, Sam68, Sam 97-255 or MS2 Sam 97-255. 48 h post-transfection, RNA was harvested and RPAs performed. Protected fragments were run on a 4% acrylamide/
8M urea gel and exposed to a phosphor screen. (C) Summary of RPA data. Shown is a compilation of data frommultiple trials examining changes in the US/C to US/UC ratio. Values are
expressed relative to ratios observed in the presence of Rev alone and asterisks indicate signiﬁcant differences (pb0.05) from values obtained with Rev and pcDNA3.
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have identiﬁed several host factors (Staufen, hnRNP A2, hnRNP E1)
involved in regulating the cytoplasmic fate of viral RNPs (Beriault et
al., 2004; Levesque et al., 2006; Mouland et al., 2000; Woolaway et al.,
2007). Thus, it will be important in future work to investigate the
impact of Sam68 on the association of other host factors with HIV-1
RNA. Our determination that Sam68 does not shuttle between the
nucleus and cytoplasm under the conditions of these experiments
indicates that, if such remodeling occurs, it is happening in the
nucleus (Soros et al., 2001). The difference in the effects of Sam 97-255
and Sam G178D on RNA processing between the 293 and 293T cell
lines was unexpected. Subsequent tests demonstrated that endogen-
ous Sam68 levels varied only slightly between the two cell lines (data
not shown) indicating that the difference in activity must be ascribed
to variation in activity of another host factor(s). Whether the
difference is due to the absence of an essential cofactor or inhibitor
will be the subject of future experiments.
In conclusion, we have shown that endogenous Sam68 can
associate with HIV-1 RNA and thus, is likely part of the viral nuclear
RNP. However, the ability of Sam68 to selectively promote 3′ end
processing of unspliced pgTat RNA cannot be accounted for by
differential binding to the different RNAs. Rather, Sam68 may serve
as a general enhancer of RNA 3′ end processingwith the greatest effecton those RNAs that are inefﬁcient substrates for the processing
reaction i.e. unspliced RNA. The capacity to promote 3′ end processing
requires only the GSG domain common to all members of the STAR
protein family, suggesting that all members may have a similar
function within the cell. We have shown that Rev can still recruit
Sam68 to the RNA if its RNA binding capacity is impaired (i.e. Sam 97-
255, Sam G178D), suggesting that the Rev/RRE complex has more
functions than just the requirement of Crm1 for export. Together, the
ﬁndings suggest that Rev binding to the RRE may integrate multiple
steps in viral RNA processing to ensure efﬁcient delivery of RNA to the
cytoplasm. The observation that stimulation of RNA 3′ end processing
and enhancement of HIV structural protein synthesis are not
necessarily causally linked suggests that Sam68 operates at multiple
levels, possibly modifying the composition of the RNP, thus regulating
mRNA utilization in translation.
Materials and methods
Expression constructs
The following plasmids have been previously described: Bl
SVhygro, SVH6Rev (Olsen et al., 1990), pgTat (Malim et al., 1989b),
pgTatΔE (Asai et al., 2003) , pcDNA3 (Invitrogen), and pcDNA3 based
Fig. 9. Sam 97-255 and Sam G178D enhance HIV-1 gene expression in 293 cells. (A) 293 cells were transfected with the Rev-dependent CAT reporter pDM128 alongside pcDNA3,
Sam68, Sam G178D or Sam 97-255 with (+) or without (-) SVH6Rev. 48 h post-transfection, cells were lysed and CAT assays performed as described in Materials and methods. Values
are represented relative to the Rev/pcDNA3 samples and asterisks indicate signiﬁcant differences (pb0.05) from that observed with Rev/pcDNA3. (B) 293 cells were transfected with
pgTat alongside pcDNA3, Sam68 or Sam 97-255 in the absence (-) or presence (+) of SVH6Rev. 48 h post-transfection, western blotting was performed with anti-gp120 antibody.
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pgTatΔBC were created by SacI/HindIII digestion of pgHT and
pgTatΔBgl-Cla (Suh et al., 2003), respectively, and subsequent ligation
of the fragments into pgTat. The ΔE versions of these plasmids were
made by KpnI and AvaI digestion of pgTatΔKH and pgTatΔBC and
subsequent ligation of the fragments into the Kpn1 and Ava1 sites of
pgTatΔE. To generate pgTcDNA and pgTcDNA ΔE clones, a 2 step
procedure was used to fuse the two exons. First individual exons were
ampliﬁed using the following primer pairs: Env Sal1 (5′ ACG CGT CGA
CAT AGC AGA ATA GGC G 3′), 5′ss/3′ss reverse (5′ CCC CTC GGG GTT
GGG AGG TGG GTT GCT TTG ATA GAG AA 3′) and 5′ss/3′ss forward (5′
TTC TTC TAT CAA AGC AAC CAC CTC CAC C 3′) and Tat PstI. Amplicons
generated from the two reactions were then combined and ampliﬁed
without primers for 12 cycles (94 °C, 5 min, 50 °C, 1 min, 72 °C 1 min).
The reaction was then diluted and an aliquot used as template using
the Env Sal1 and Tat PstI primer pair. Amplicons were cut with SalI/
EcoRI and cloned into SalI/EcoRI sites of pgTat. To generate the ΔE
version, amplicons were cut with SalI/AvaI and cloned into respective
sites of pgTatΔE.
pgTat(MS2)4 was generated by ﬁrst introducing EcoRV and SmaI
restriction sites on either side of the RRE in pgTat by site-directed
mutagenesis. Primers used were: 5′ RRE RV sense (5′ GAA AAA AGA
GCA GTG ATA TCA GGA GCT TTG TTC C 3′), 5′ RRE RV anti (5′ CTT TTT
TCT CGT CAC TAT AGT CCT CGA AAC AAG G 3′), 3′ RRE Sma sense (5′
GAT CAA CAG CTC CCC GGG ATT TGG GGT TC 3′) and 3′ RRE Sma anti
(5′ CTA GTT GTC GAG GGG CCC TAA ACC CCA AC 3′). (MS2)4 was
digested out of Bl-4XMS2 with EcoRV and XmaI and subsequently
inserted into EcoRV/SmaI digested pgTat. To create MS2-Sam 97-255,
the HindIII/EcoRI fragment of pBC HAMS2 (a gift of B. Cullen, Duke
University) was cloned into CMVpA to generate CMV HAMS2. TheEcoRI/XbaI fragment of Sam 97-255 was then inserted into CMV
HAMS2.
Cell lines and transfections
HeLa, 293T and 293 cells were maintained in Iscove's modiﬁed
Dulbecco's media (IMDM) supplemented with 10% fetal bovine serum
(FBS), 50 μg/mL gentamycin sulfate, and 2.5 μg/mL amphotericin B. For
transient expression studies, vectors were introduced by calcium
phosphate transfection (Kriegler, 1990). Two days post-transfection,
cells were harvested for analysis.
To analyze the effect of Sam68 on gp120 production from pgTat or
mutants thereof, transfected cells were harvested in RIPA buffer
(50mMTrisHCl pH7.4, 150mMNaCl, 2 mM EDTA,1% NP-40, 0.1% SDS),
protein concentration determined by Bradford assay (BioRad) and
fractionated on 7% SDS PAGE gels. Following transfer to PVDF
membrane, blots were probed with monoclonal mouse anti-gp120
antibody (kindly provided by H. Schaal, University of Duesseldorf,
Germany) and developed using horseradish peroxidase conjugated
donkey anti-mouse antibody (Jackson Immunochemicals) and a
Western Lightning kit (Perkin-Elmer).
CAT assays
105 cells were seeded in 24-well plates and transfected with
0.125 μg of pDM128, 0.025 μg of BISVhygro or BISVH6Rev and 0.5 μg of
pcDNA3.1, myc-tagged Sam68, or myc-tagged Sam68 mutants (in
triplicate). Cells were harvested 48 h post-transfection, resuspended
in 0.25 M Tris-HCl pH 8.0 and lysed by cycles of freezing and thawing.
CAT assays were performed as previously described (Gorman et al.,
Fig. 10. Sam 97-255 and Sam G178D do not promote HIV-1 unspliced RNA cleavage in
293 cells. (A) 293 cells were transfected with pgTat, in the absence (-) or presence (+) of
SVH6Rev and pcDNA3, Sam68, Sam 97-255 or Sam G178D. 48 h post-transfection, RNA
was harvested and RPAs performed. Protected fragments were run on a 4% acrylamide/
8 M urea gel and exposed to a phosphor screen. (B) Summary of RPA data. Shown is a
compilation of data from multiple trials examining changes in the US/C to US/UC ratio.
Values are expressed relative to ratios observed in the presence of Rev alone and
asterisks indicate signiﬁcant differences (pb0.05) from samples treated with Rev and
pcDNA3.
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ImageQuant 3.1 following scanning of the TLC on a Phosphorimager.
Lysates were subjected to a Bradford assay (BioRad) and protein
concentrations used to normalize CAT conversions.
Immunoﬂuorescence
For immunoﬂuorescence, approximately 1.5×105 HeLa cells were
grown on coverslips and transfected with 5.0 μg pcDNA3, Sam68 or
Sam68 mutants. Cells were ﬁxed with 4% paraformaldehyde and
permeabilized with 0.1% Trition-X 100 48 h post-transfection. Slides
were blocked with 3% bovine serum albumin (BSA). Mouse anti-myc
(Invitrogen) and anti-mouse-ﬂuorescein isothiocyanate (FITC) (Jack-
son Immunochemicals) were used to detect myc-tagged Sam68 and
Sam68 mutants. A Leica DMR microscope at a magniﬁcation of 630X
was used to determine subcellular localization of the proteins.
RNA analysis
In most instances, 293/293T cells (1.5×106 cells) were transfected
with 2 μg of pgTat or derivatives thereof, 0.4 μg SVhygro or SV Rev, and
8 μg of pcDNA3.1 or pc mycSam68. Forty-eight hours post-transfec-
tion, total RNA was harvested using the protocol of Chomczynski and
Sacchi (Chomczynski and Sacchi, 1987).
To monitor the status of the 3′ end of both spliced and unspliced
env RNA, RNA probes containing the last 87 nt of the intron andextending 90 nt 3′ of the consensus AAUAAA polyadenylation signal
for each construct tested were used in RNA protection assays. Probe
was incubated with 10 or 30 μg of total RNA in 80% formamide, 40 mM
PIPES at pH 6.4, 1 mM EDTA, 0.4 MNaCl for 12–16 h at 50 °C. Following
hybridization, samples were digested according to manufacturer's
suggestions (Ambion). Following ethanol precipitation, samples were
resuspended in 90% formamide, 2 mM EDTA and fractionated on 4% or
6% polyacrylamide, 8 M urea gels. Position of bands was determined
following exposure to phosphor screens and scanning using a
PhosphorImager.
RNP Immunoprecipitation (RIP)
RIP protocols were adapted from (Penalva et al. 2004). Cells were
harvested in cold 1× PBS and RNPs extracted twice with polysome
lysis buffer II (10 mM HEPES pH 7, 100 mM KCl, 5 mM MgCl2, 25 mM
EDTA, 0.5% NP40, 1% Triton X-100, 0.1% SDS, 10% glycerol, 100U/ml
RNase OUT (Invitrogen), 2 mM DTT, 1X Complete mini EDTA-free
protease tablet (Roche)). After centrifugation for 15 min at 14000 rpm
at 4 °C, cleared lysates were diluted 1:10 with NT2 Buffer (50 mM Tris-
HCl pH 7.5, 150 mM NaCl, 1 mM MgCl2, 0.05% NP40, 100 U/ml RNase
OUT (Invitrogen), 2 mM DTT, 1X Complete mini EDTA-free protease
tablet (Roche)) and incubated with Gammabind Plus Sepharose (GE
Healthcare) for 1 h to preclear the lysate. Pre-cleared lysates were
incubated overnight with anti-Sam68 antibody or rIgG at 4 °C.
Immunoprecipitation was performed by addition of Gammabind Plus
Sepharose beads for 1 h at 4 °C. Beads were washedwith NT2 buffer or
a more stringent buffer (75 mM NaCl, 0.25% deoxycholate, 0.5% Triton
X-100, 0.05% SDS, 1 M urea) and fractions taken for protein and RNA
analysis. Western blotting was performed as described above and RNA
extracted as described below.
RNA was extracted using the method of Chomczynski and Sacchi
(Chomczynski and Sacchi, 1987). RT-PCR analysis for RIP experiments
was performed as described previously (Pongoski et al., 2002) with
themodiﬁcation that CR-Tat (5′-AGT GGT GGG CCTAGT TGC AGTA-3′ )
was used as the reverse primer. Brieﬂy, cDNA was generated from
immunoprecipitated RNA using DR12 (5′-AGG GGT GGA CAG-3′) and
M-MLV reverse transcriptase according to the manufacturer's protocol
(Invitrogen). PCR was subsequently performed with a 32P end-labeled
reverse primer and two forward primers that speciﬁcally detect cDNA
representing spliced and unspliced RNA. Using Taq polymerase (New
England Biolabs), 30 cycles of ampliﬁcation were performed as
follows: 1 min 94 °C, 1 min 56 °C, 2 min 72 °C. Amplicons were run
on 8 M urea polyacrylamide gels and signals detected using Phosphor
screens.
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